Photomorphogenesis is repressed in the dark mainly by an E3 ubiquitin ligase complex 24 comprising CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) and four homologous 25 proteins called SUPPRESSOR OF PHYA-105 (SPA1-SPA4) in Arabidopsis. This 26 complex induces the ubiquitination and subsequent degradation of positively acting 27 transcription factors (e.g., HY5, HFR1, PAP1 and others) in the dark to repress 28 photomorphogenesis. Genomic evidence showed a large number of genes regulated by 29 COP1 in the dark, of which many are direct targets of HY5. However, the genomic basis 30 for the constitute photomorphogenic phenotype of spaQ remains unknown. Here, we 31
Introduction 52
Phenotypic plasticity provides plants with successful strategies to adapt to the prevailing 53 environmental conditions. Upon germination, seedlings undergo two developmental fates 54 depending on the absence or presence of light. In the absence of light, seedlings undergo 55 skotomorphogenesis; the hypocotyls elongate and closed cotyledons and an apical hook 56 protect the shoot apical meristem. By contrast, seedlings display a short hypocotyl, no 57 shade avoidance response, cold acclimation response and many other pathways (Hoecker 75 6 substrate recruitment, auto-and trans-ubiquitination activities of COP1 (Xu et al. 2014, 143 Xu et al. 2015, Xu et al. 2017) . In contrast, COP1 and SPA1 interact with the 144 phosphorylated forms of PIF1 and induce its degradation in a light-dependent manner to 145 promote seed germination , Paik et al. 2019 ). In addition, we have 146 proposed a modified model for the cop phenotypes, which is not only due to an increased 147 abundance of positively acting transcription factors (e.g., HY5, HFR1 and others), but 148 also due to COP1-and SPA-mediated stabilization of PIFs, and HFR1-mediated 149 inhibition of PIF function in darkness (Pham et al. 2018b) . 150 COP1 functions have been extensively investigated by genomic methods including 151 microarray analyses of various cop1 mutants (Ma et al. 2002 ). These analyses showed 152 similar expression profile between dark-grown cop1 mutants and light-grown wild type 153 seedlings (Ma et al. 2001 , Ma et al. 2002 . In these studies, COP1 function has been 154 Total RNAs were extracted from 3-day-old dark-grown Col-0, cop1-4 and spaQ 172 seedlings. Plates were kept in the dark for 3 days at 4°C for stratification. Plates were 173 then exposed to white light for 3hrs at room temperature to promote the germination 174 before being placed in the dark for 21 hrs. Seeds were then treated with far-red light 175 (Trapnell et al. 2012 ). DESeq2 package uses negative 207 binomial generalized linear models to identify the log2 fold change values for different 208 pairwise comparison (e.g., cop1-4/WT and spaQ/WT). In DESeq2 analysis, 209
DESeqDataSet is provided with an experimental design with all three replicates for Col-210 0, cop1-4 and spaQ under different light treatments. DESeq2 estimation of the dispersion 211 of counts were done using three biological replicates. On the other hand, the aligned 212 reads from TopHat also were further assembled into transcripts and quantified the 213 expression level in each sample using Cufflinks using a rigorous statistical analysis. 214
Comparison of differentially expressed genes in two conditions were performed by 215 Cuffdiff. The normalized expression level (FPKM; fragments per kilobase per million 216 reads) from RNA-Seq data were performed using Cuffdiff. The differential expressed 217 genes were selected for all the genes with |log2 fold-change| > 1 with adjusted P-value < 218 0.05. Raw data and processed data for the total read counts of sequencing reads and list 219 of differentially gene expressed in cop1-4 and spaQ can be accessed by Gene Expression 220
Omnibus database (GSE112662). 221
The matrix of scatter plots and volcano plots for visualization of gene expression in wild 222 type, cop1-4 and spaQ mutants were quantified by normalized number of fragments per 223 kilo bases per million reads (FPKM) using Cufflinks (Trapnell et al. 2012) spaQ regulated genes. For comparison between differential genes expressed in cop1-4, 235 spaQ and differential genes expressed in hy5 mutants and compare overlapped genes with 236 HY5 direct target genes, the RNA-Seq raw data from hy5 mutant and HY5-bound gene 237 list were obtained from a previously study (GSE24974, GSM613465 for mRNASeq_WT 238 and GSM613466 for mRNASeq_hy5-215) ( Bartlesville, OK). Primers using for qRT-PCR were listed in Table S2 . PP2A was used as 250 the internal control. The relative gene expression was calculated using the 2 Δ Δ CT method. 251
252
Results 253
Analysis of differentially expressed genes in spaQ compared to wild type 254
To understand the genomic basis for the constitutive photomorphogenic phenotypes of 255 spaQ, RNA isolated from three independent replicates of wild type, cop1-4 and spaQ 256 mutant seedling grown in darkness was sequenced as described recently (Paik et al. 257 2019 ). An average of 34 million raw reads per sample was obtained from sequencing 258 10 (Table S1 ). Among the raw reads, 98% were mapped to the genome, and an average of 259 85% was uniquely mapped. The quality of reads was then assessed by FastQC. To obtain 260 sample to sample distance, we generated principle component analysis (PCA) and also 261 the heat map of the distance matrix using variance stabilizing transformed count matrix 262 and the regularized logarithm transformed data, respectively (Figs. S1-S2). The raw 263 counts for each sample obtained from HTSeq were then analyzed using DESeq2 package 264 for differential gene expression. Furthermore, we also applied Cuffdiff analysis with the of genes differentially expressed in spaQ compared to wild type. Using DESeq2, with the 280 selected cut-off of log2 fold-change of 2 and FDR < 0.05, we identified 7261 281 differentially expressed genes (DEG) in spaQ mutant when compared to wild type which 282 were designated as SPA-regulated genes (gene listed with log2 fold-change values and 283 adjusted p-values in Dataset S1). Hierarchical clustering of these 7261 genes is shown in 284 
SPA regulates the expression of a large group of transcription factors 297
SPA proteins have been shown to function as co-factors of the COP1 E3 ligase in 298 controlling protein stability of a number of transcription factors (TF) in plants (Pham et 299 al. 2018a ). We compared the number of transcription factor genes significantly regulated 300 by spaQ to the transcription factor database (http://planttfdb.cbi.pku.edu.cn/). Among a 301 predicted total of 1717 transcription factor genes in Arabidopsis, there were 482 (~28%) 302 genes which exhibited more than 2-fold significant expression changes between spaQ 303 and the wild type. The description for the function of the transcription factors regulated 304 by spaQ is also presented in Dataset S2. 305
We also identified 357 (~21%) transcription factor genes differentially expressed in 306 cop1-4 when compared to the wild type (see below), among which 300 overlapped 307 between cop1-4 and spaQ regulated transcription factors ( Fig. S6 ; Dataset S2). However, 308 182 transcription factor genes differentially expressed in spaQ but not in cop1-4. A heat 309 map shows the expression of the top 50 transcription factors that were differentially 310 expressed in spaQ compared to WT (Fig. 2) . The raw read count data for the transcription 311 factors DEG in spaQ is shown in Dataset S2. 312
The significantly differential expression of transcription factors in spaQ suggests that 313 SPA proteins play an important role in orchestrating the transcriptome by affecting the 314 transcription factors. Gene Ontology (GO) analysis reveals that many regulated 315 transcription factors involved in photomorphogenesis, cell-differentiation, ethylene 316 activated response pathway, response to auxin, response to gibberellin, salt stress, ABA 12 response and salicylic acid ( Table 2) . Many of the transcription factors belong to the 318 bHLH and bZIP families that play central roles in photomorphogenesis. Interestingly, 319 WUSCHEL-related homeobox genes were also up-regulated in cop1-4 and spaQ. This is 320 consistent with the previous study showing the function of light in activating the stem cell 321 inducer WUSCHEL (Pfeiffer et al. 2016) . In this case, the up-regulated expression of 322 those WUSCHEL-related homeobox in cop1-4 and spaQ mutants suggests a transition 323 from dark to light-regulated development in cop1-4 and spaQ even in the dark. 324
Regulation of similar sets of transcription factors in cop1-4 and spaQ suggests that these 325 transcription factors might be the transcriptional targets of the COP1-SPA E3 ligase. 326
Genomic expression profile comparison between dark-grown cop1-4 and spaQ 327

seedlings. 328
Genomic expression profiles regulated by various cop1 alleles have been analyzed by 329
RNAseq and microarrays (Ma et al. 2002 , Wang et al. 2016 . However, these studies 330 were done using a condition which is not comparable to our study. To compare directly, 331
we also sequenced cop1-4 grown under identical conditions. By comparing the 332 expression profiles of dark-grown cop1-4 with wild type (cop1-4/WT), we also revealed 333 5249 significantly DEGs with more than two-fold change and FDR < 0.05 in cop1-4 334 (Dataset S1) which are designated as cop1-4 regulated genes. We examined the overlap 335 of the differentially expressed genes between cop1-4 and spaQ mutants. Venn diagrams 336
show that among 5249 gene differentially expressed in cop1-4, 4471 (85.17%) genes 337 were co-regulated also in spaQ (Dataset S3, Fig. 3A ). Among these 4471 co-regulated 338 genes, 2318 genes were co-upregulated and 2137 genes were co-downregulated. 339
Furthermore, hierarchical clustering reveals that these genes are co-regulated in the same 340 direction in cop1-4 and spaQ mutants ( Fig. 3B) . Indeed, the scatterplot shows very 341 strong co-expression profile between cop1-4 and spaQ mutants (the Pearson correlation 342 coefficient r= 0.95) ( . Therefore, we also compared genomic profiles 366 of our data for cop1-4 and spaQ with det1-1 mutant profiles. det1-1 mutant was grown in 367 dark for 4 days and then exposed to white light for 6h. Using the DEGs in det1-1 mutant, 368 we found that 1967 genes are significantly co-regulated by cop1-4 and spaQ (Fig. S8 ). 369
Moreover, the hierarchical clustering illustrates highly similar patterns between these 370 three mutants. These data suggest a shared function of COP1, SPA and DET1 as central 371
repressors of light signaling that regulate large changes in gene expression in the dark to 372 promote skotomorphogenesis. 373
Comparison of differential genes between cop1-4, spaQ and hy5 mutants 374
HY5 is well-known as one of the direct targets of the COP1-SPA E3 ligase in the dark 375 involved in light-mediated transcriptional regulation. COP1-SPA promotes HY5 376 degradation in the dark, thereby, inhibiting light-activated gene expression in darkness. 377
To examine the relationships among these three components, we compared the gene 378 14 expression profiles among these three mutants. We extracted the raw count from RNA-379 Seq data obtained from the hy5-215 mutant grown in the light (Zhang et al. 2011 ). hy5-380 215 seeds were incubated at 4°C in the dark for 4 days, after which they were exposed to 381 continuous white light (WL, 170 μ mol m −2 sec −1 ) at 22°C for 6 days. From the raw 382 count, we analyzed the differential gene expression in the hy5 mutant compared to wild-383 type under the same condition previously described using DESeq2 (Zhang et al. 2011) , 384 called hy5-regulated genes (hy5/WT) (Dataset S4). Indeed, comparing cop1-4 and spaQ 385 genomic expression profiles with the gene expression profile in hy5 mutant, 1060 386 overlapping genes are expressed in antagonistic manner, as shown in hierarchical 387 clustering (Fig. 4A, D) . 388 From 5496 HY5-regulated genes in Figure 4A , we selected 3472 genes regulated by HY5 389 which are differentially expressed more than 2-fold in hy5-215 mutant (Dataset S5). We 390 also compared the 9606 HY5-bound genes under white-light (Zhang et al. 2011) with 391 those of the 3472 hy5-regulated genes to obtain 1163 overlapped genes that are referred 392 as HY5-direct target genes (Fig. 4B) . By comparing the 1163 HY5-direct target genes 393 with the cop1-4-and spaQ-regulated genes, we identified 254 overlapping genes which 394 are co-regulated in cop1-4, spaQ and hy5 (Fig. 4C ) (Dataset S6). In fact, a large number 395 of genes differentially expressed more than 2-fold in cop1-4 and spaQ, but expressed less 396 than two-fold in hy5 mutant. These data are also consistent with previous cop1 397 microarray data (Ma et al. 2002) . GO analysis shows that those genes largely belong to 398 photosynthesis, flavonoid biosynthetic, chloroplast organization and response to light 399 stimulus ( Fig. 4E) . 400 Interestingly, we also compared genes differentially expressed in det1-1 mutant with the 401 hy5 regulated genes and found antagonistic expression of hy5 regulated genes in det1-1 402 mutant similar to cop1 and spaQ (Fig. S9 ). Thus, these three constitutively 403 photomorphogenic mutants display opposite expression patterns compared to hy5, as 404 established by previous biochemical and genetic analysis. 405
To complete the comparison with the HY5-direct target genes, we performed qRT-PCR 406 to confirm the expression of HY5-direct target genes including HY5-upregulated genes 407 (ELIP2, CAB3, CHS and RBCS1A) and HY5-down regulated genes (PER59 and PRP2). 408 15 qRT-PCR data largely reproduced the RNA-Seq data (Fig. 5 ). Since SPA proteins 409 function as negative regulator of HY5 protein stability in the dark, gene expression 410 analysis of HY5-target genes in spaQ showed significant rescue compared to wild type 411 and hy5 mutant, except in the case of PER59. Overall, these data show that our RNAseq 412 data can be verified by independent methods. 413
SPAs may function in COP1-dependent and -independent manners 414
It is unknown whether SPA proteins can function only in association with COP1 and/or 415 they have a COP1-independent role in regulating plant development. Based on our 416 differential gene expression analysis, we have examined whether some of the genes are 417 prominently regulated only in spaQ or in cop1-4. We have identified a list of genes and 418 GO terms that are predominantly regulated by SPAs or COP1 including transcription 419 factor genes (Dataset S7-S8 and Figs. S10-S11). Enrichment of distinct GO terms in 420 spaQ-and cop1-regulated genes suggests that these factors might have independent roles 421 in regulating plant responses and developmental pathways. 422
A closer scrutiny revealed that most of the genes differentially expressed in spaQ mutant 423 are involved in response to heat, embryo development, oxidation-reduction process, 424 defense response, and protein phosphorylation (Fig. S10 ). Interestingly, we identified a 425 master regulator of heat responsive genes which is significantly down-regulated in spaQ. 426 For example, GASA5 was shown as the negative regulator in thermotolerance in 427 Arabidopsis by regulating both salicylic acid (SA) signaling and heat shock-protein 428 accumulation (Zhang et al. 2011 ). As a consequence, a number of heat shock genes 429 (HSP90.1 and HSP70) are up-regulated in spaQ mutants. However, those genes are not 430 significantly regulated in cop1-4 and cop1-6 alleles (Fig. 6 ). We also found that the cold 431 and ABA inducible gene, KIN1, is strongly up-regulated in the spaQ mutant, but not 432 significantly in cop1-4 and cop1-6 mutants. The expression levels of KIN1, GASA5 and 433 heat shock genes in spaQ and different cop1 mutants (cop1-4 and cop1-6) were verified 434 by qRT-PCR (Fig. 6 ). Overall, these data suggest that SPAs may have COP1-independent 435 roles in regulating plant responses to various cues. However, further analyses are 436 necessary to support this conclusion. 437 Interestingly, we also identified a few genes that are down-regulated predominantly in 438 cop1-4, but not in spaQ (Dataset S7-S8; Figs. S12). These genes belong to the ABA 439 inducible genes accumulated during seed maturation (AT5G44120, AT4G28520) and late 440 embryogenesis abundant proteins (LEA) (AT3G51810, EM1; AT2G40170, EM6; 441 AT3G17520, AT3G15670, AT2G42560, AT1G52690, AT5G44310) (see more in 442 Dataset S5) (Hundertmark and Hincha 2008). However, some members of the same gene 443 family (AT2G42540, AT2G03850, AT1G64065, AT5G22870) also display significantly 444 different expression in spaQ mutant (Dataset S7-S8). These data suggest that both COP1 445 and SPA proteins regulate seed maturation, but they do so by regulating distinct members 446 of the same gene family. Table S1 . RNA-seq reads and mapping statistics. 708 Table S2 . List of primers using for qRT-PCR. 709 710 (C) Heatmap represents the expression of 7261 differentially expressed genes in wild-type (WT-1,2,3) and spaQ (spaQ-1,2,3) mutants. Data generated from differential genes expressed in spaQ and raw counts from the three replicates of wild-type and spaQ mutants. Yellow indicates high expression and red indicates low expression. (A) Venn diagram shows the comparison of 5496 regulated genes in hy5 with those in cop1-4 and spaQ. 1060 genes co-regulated by cop1-4, spaQ, and hy5 mutants are presented. Col-0, cop1-4 and spaQ seedlings were grown in 3 days in dark. hy5 mutant was grown 4 days under white light.
(B) Venn diagram shows the comparison of 9606 HY5 bound genes and 3472 hy5/WT significantly regulated genes (Zhang et al., 2011) . 1163 overlapped genes are referred as HY5 direct target genes.
(C) Venn diagram shows the comparison of 1163 HY5 direct target genes and cop1-4/WT and spaQ/WT regulated genes.
(D) Heatmap shows clustering expression patterns of 254 HY5 direct target genes that are coregulated by cop1-4 and spaQ.
(E) Bar graphs show GO enrichment analysis of genes which are HY5 direct target genes and significantly co-regulated in cop1-4/WT and spaQ/WT. Enrichment scores represent the percentage (Involved genes/Total genes). p-value is shown for each GO term. 
